A conventional enrichment culture on branched nonylphenol (NP) with diluted nutrient broth as an additional source of organic nutrients yielded a bacterial strain able to degrade branched NP. The isolate (designated YT) was identified as Sphingomonas sp. based on an analysis of its 16S ribosomal RNA genes and cellular lipids. The degradation of NP by strain YT occurred primarily during the exponential phase of cell growth in cultures on a yeast extract-mineral salts medium. The degree of degradation was directly proportional to the amount of yeast extract present in the medium and no significant growth occurred when NP was the sole source of carbon and energy. Gas chromatography-mass spectrometry (GC-MS) of resting cell suspensions incubated with branched NP revealed that the degradation did not yield any metabolites containing aromatic residues but only branched alcohols. When a linear NP was used as the target substrate, GS-MS of the suspensions indicated the appearance of a hydroxylated linear NP as an intermediate during the degradation. Strain YT is expected to attack NP by an initial oxidative cleavage of the phenol ring.
Nonylphenol polyethoxylates (NPEO) are non-ionic surfactants with industrial and agricultural applications, and are common constituents of industrial effluents. It has been well established that bacteria in sewage treatment plants readily degrade NPEO, yielding short-chain NPEO and the more recalcitrant nonylphenol (NP; Fig. 1 ) as a stable intermediate 1, 7, 28) . During the last decade, concern has been mounting over NP, since this compound is known to be a member of the group of endocrine disruptors, more specifically pseudoestrogens. Evidence is emerging that NP accumulates in organisms, and produces several adverse effects, including sexchange and reduced fertility 2, 4, 14, 15, 19, 25, 28, 34) .
Although NP has been found to be rather recalcitrant in the environment, especially in anoxic sediments 1, 9) , several reports exist of microorganisms able to degrade it. In 1995, Corti et al. described a Candida maltosa strain able to degrade NP in pure culture 3) . The isolate, later designated as Candida aquaetextoris 32) , could degrade NP with a linear alkyl chain (Fig. 1A) . However, the commercially available NP, used in the manufacture of NPEO, comprises a mixture of NP isomers with a branched alkyl chain (Fig. 1B) . This feature is known to hamper microbial degradation 16, 17) . Recently Tanghe et al. 30) and subsequently Fujii et al. 5, 6) described the isolation of Sphingomonas strains able to grow on a commercial mixture of branched NP isomers as a sole carbon and energy source in pure culture. Until now, there have been only vague indications as to how branched NP molecules are attacked by bacteria 6, 13, 30) .
Here we report the isolation of a bacterial strain able to degrade branched NP in the presence of complex organic nutrients such as yeast extract, and describe the characteristics of the degradation. In contrast to the NP-degrading isolates of Tanghe et al. 30) and Fujii et al. 6) , our isolate showed no significant growth and degraded NP in a chemically defined medium with NP as the sole energy and carbon source. We also present gas chromatography-mass spectrometric data concerning the initial attack on the NP molecule by our isolate.
Materials and Methods

Media
Dilutions of conventional nutrient broth (NB) and a mineral salts (MS) medium were used. NB was composed of 1% (w/v) Ehrlich meat extract (Kyokuto Seiyaku, Tokyo, Japan), 1% (w/v) Trypticase peptone (Beckton Dickinson, Cockeysville, MO) and 0.5% (w/v) NaCl. The pH was adjusted to 7.0 with 1 M NaOH. Ten-, 20-and 100-fold diluted NB (NB/10, NB/20 and NB/100, respectively) was prepared with freshly distilled water. The MS medium contained (per liter): 0.5 g Na 2 SO 4 O. Yeast extract (Difco Laboratories, Detroit, MI) was added to the medium (quantities as indicated in the results section). The pH of the medium was adjusted to 7.0 with 1 M NaOH. For the preparation of plates, 15 g of agar (Wako Pure Chemicals, Japan) per liter was added. Stock solutions (50 or 100 g l -1 in 99.5% ethanol) of branched NP (Kanto Chemical Inc., Tokyo, Japan) and linear NP (Wako pure chemicals, Osaka, Japan) were added to the medium (quantities as indicated in the results section).
Sample and isolation of bacteria
A sediment sample was collected from Seimei Creek, Ami-machi, Ibaraki, Japan. Aerobic bacterial counts of the sediment sample and stream water on NB/100 agar plates were 5.8´10 6 (g dry matter)
-1 and 8´10 4 ml -1 , respectively. A portion of 10 g of the sediment sample was inoculated into a 500-ml shaking flask containing 100 ml of NB/100 and 20 ppm branched NP (NB/100-NP), then incubated with shaking for 7 days at 30°C. Thereafter, 2 ml of the culture was used to inoculate newly prepared NB/100-NP. After five rounds of subculturing, a serial dilution of the culture was surface plated onto NB/100 agar containing 10 ppm NP and incubated for 7 days at 30°C. From these plates, a total of 125 isolates were randomly selected and then tested for the ability to degrade NP. The ability was examined in liquid cultures on NB/100-NP from which the NP concentration was monitored using high performance liquid chromatography (HPLC).
Characterization of the isolate
The branched NP-degrading isolate was tested for gram stain 12) and its cell morphology, isoprenoid quinone composition, and cellular lipid profile were elucidated. The isolate was also subjected to 16S ribosomal RNA gene (rDNA) sequence analysis. The isoprenoid quinone was determined as previously described 20) . Total cellular lipids were extracted from washed cells as described by Hirai et al. 10) and a portion subjected to mild alkaline hydrolysis with 1 M KOH in chloroform and methanol (2:1, vol/vol) for 2 h at 37°C. Both the extracted lipids and their alkaline hydrolysates were analyzed by TLC with a solvent system composed of chloroform, methanol, and water (70:30:5, vol/vol/vol). To detect glycolipid spots, orcine-sulfuric acid reagent (0.2% orcinol in 2 M sulfuric acid) was sprayed and charred at 120°C until the maximum purple color developed. All lipid spots were detected by spraying 30% sulfuric acid and charring at 120°C. Sphingomonas paucimobilis JCM 7515 35) and Escherichia coli JCM 1649 were used as the positive and negative controls, respectively, for the detection of sphingoglycolipid. Nearly complete 16S rDNA (nucleotide positions 8 to 1541; Escherichia coli numbering) was amplified by PCR using a universal primer set and the nucleotide sequence of the amplified product was determined as described by Hiraishi 11) . To identify the relatives of the uni- dentified strain, searches in the EMBL/GenBank databases were performed with the program FASTA 23) . The DNA sequences were aligned using the CLUSTAL W program 31) and a phylogenetic tree was created by the neighbor-joining method 25) . The nucleotide sequence of the 16S rDNA gene of the isolate has been deposited in the DNA Data Bank of Japan under accession number AB047364.
Growth experiments
The isolate was routinely grown at 30°C on MS or diluted NB media in a reciprocal shaker (120 strokes min -1 , 8 cm amplitude). Because the solubility of NP is about 5 ppm, at concentrations higher than 5 ppm, most of the NP was present at the surface of the culture and on the glass wall of the culture vessel. This resulted in a severe bias of the determination of NP, when samples were taken from inside the culture. To avoid this, when measuring growth characteristics and NP degradation curves, the isolate was cultivated in a series of 18-ml test tubes, containing 5 ml of medium supplemented with NP. At time zero all tubes of a series were inoculated, and at every subsequent measuring time point a pair of tubes was taken: one tube was used for measuring the turbidity at 550 nm (OD 550 ) and the other tube was used for NP determination.
Resting cell experiments
Batch cultures were grown on NB/10 and NB/10 with 50 ppm NP and bacterial cells in the late exponential phase were collected by centrifugation at 9,600´g for 20 min at 4°C. Then cells were resuspended in MS medium without yeast extract and 5-ml aliquots of the resulting cell suspensions were divided into a series of 30-ml serum bottles. After NP was added to the bottles at a final concentration of 100 ppm, the bottles were sealed with rubber caps and incubated in a shaker at 30°C. At given time points, whole flasks from these series were extracted for analysis by gas chromatography-mass spectrometry (GC-MS).
Extraction of NP
A 5-ml aliquot of culture sample was mixed with 2.5 ml of salting out solution (1 M HCl saturated with NaCl) and 5 ml of HPLC solvent containing 50 ppm of 2,4,6-trimethylphenol as internal standard. The HPLC solvent comprised n-hexane, chloroform, ethanol, triethylamine, and acetic acid (740:260:10:0.5:0.2, by vol). After vigorous shaking for 20 s on a Vortex mixer, the resulting organic solvent layer was collected and used for the determination of NP by HPLC.
HPLC
Nonylphenol was determined by normal-phase HPLC with 2,4,6-trimethylphenol as internal standard. The HPLC system (Hitachi, Tokyo, Japan) was composed of a L5025 column oven, a L4000 UV/vis detector, a L6320 intelligent pump and a D2500 chromato-integrator. The system was equipped with an TSK-GEL Silica 150 column (4.6´250 mm; Tosoh, Tokyo, Japan). Isocratic elution was achieved using the method described by Maki et al. 18) with the following modifications: flow rate, 1.0 ml min -1 ; detection wavelength, 277 nm; column temperature, 30°C.
GC-MS
For GC/MS, NP was extracted from cell suspensions with ethyl acetate. A Varian Saturn 2000R ion trap GC-MS system equipped with a column (CP-Sil 8 CB low bleed/MS, 0.25 mm´30 m, df=0.25 mm; Varian, Inc.) was used. An optimal separation between the peaks of the NP isomers, and between the different alcohol peaks was achieved with the following temperature program: injector temperature, 250°C; column oven temperature, 50°C for 1 min, 50 to 100°C at 4°C min -1 , 100 to 160°C at 15°C min -1 , 160°C for 10 min, 160 to 300°C at 25°C min -1 , 300°C for 3 min. The split settings of the injector were as follows: initial, open (ratio 1/50); 0.01 min, closed; 1.00 min, open (ratio 1/50). Helium was used as the carrier gas with a constant flow rate of 1.5 ml min -1 . Main parameters related to the mass spectrometer setup were: EI energy, 70 eV; temperature, 220°C; scan rate, 1.0 scan s -1 ; scan range, m/z 40-650.
Results
Isolation and identification of an NP-degrading bacterium
Among 125 isolates from our enrichment culture on NB/ 100 medium with 20 ppm of NP, only one was found to degrade NP. This isolate designated YT was a gram-negative, yellow-pigmented, rod-shaped bacterium. It contained ubiquinone with 10 isoprene units (Q-10). The 16S rRNA sequence of strain YT was determined and then a sequence similarity search in the EMBL/GenBank databases was performed. The highest scores were from species in the genus Sphingomonas 35) and related genera (Fig. 2) . The closest known relative of the bacterium was Sphingobium yanoikuyae (formerly Sphingomonas yanoikuyae 29) ) (accession no. X85023) with a 16S rRNA similarity value of 98.0%. The 16S rDNA sequence similarity of strain YT with that of the recently described NP-degrading Sphin-gomonas cloacae was 97.8%. Because the genus Sphingomonas is characterized by the presence of sphingoglycolipid 35) , the cellular lipid profile of strain YT was determined. As shown in Fig. 3 , TLC of mild alkaline hydrolysates of extractable cellular lipids of strain YT gave a major spot of alkaline-stable glycolipid with an R f value of 0.41 which corresponds to the sphingoglycolipid of the type strain, S. paucimobilis JCM 7515. Although further studies are needed to clarify the taxon, strain YT was assigned to the genus Sphingomonas sensu lato.
Growth and NP degradation characteristics
To characterize the growth and NP degradation, the bacterium was grown on MS medium supplemented with 0.1% yeast extract and different amounts of branched NP. Figures   4A and 4B show the growth and the time courses of NP degradation, respectively, in the presence of 0, 26, and 48 ppm NP. The maximum specific growth rate (m max ) in the absence of NP was calculated to be 0.15 h -1 . The addition of 26 ppm NP to the medium resulted in a slight increase in the lag phase and in a 27% decrease of the m max (0.11 h -1 ). With 48 ppm NP, the culture showed a further increase in the lag phase (about 50 h) but the mmax (0.10 h -1 ) was comparable to that of the 26 ppm NP-culture. The final turbidity of the cultures with NP was not significantly greater than that of control cultures without NP. The degradation of NP occurred significantly in the exponential phase of growth and then the degradation rate decreased markedly in the stationary phase (Fig. 4A) .
When the growth of strain YT on yeast extract-free MS medium with 50 ppm NP was tested, neither significant growth nor NP degradation was observed, indicating that the bacterium is not able to grow with NP as the sole energy and carbon source. Therefore, the degradation of NP was expected to be dependent on the amount of yeast extract in the medium. To verify this, strain YT was grown on MS medium with different concentrations of yeast extract (0.01, 0.1 and 0.3%) and NP (0 to 99 ppm). Indeed, as shown in Figs. 5A and 5B, the m max and the specific rate of NP degradation increased with the concentration of yeast extract.
Degradation of branched NP by resting cell suspensions
To search for metabolic intermediates of the degradation, resting cell suspensions (OD550=4.0) were incubated with branched NP and samples extracted from the cell suspension at 0-, 18-and 44-h of incubation were analyzed by GC-MS. These cell suspensions metabolized NP, regardless of their growth history (with or without NP). The gas chromatogram of our commercial branched NP showed eight (Fig. 6A) . Upon degradation the areas of peaks 1, 2, 3 and 4 decreased much faster in time than those of peaks 5, 6, 7 and 8. As the amounts of NP peaks decreased, new peaks appeared at retention times of 7 to 8 min on the gas chromatogram (Fig. 6B) . Computer-aided mass spectral analysis indicated that these peaks represent longchain (C 9 and C 10 ) branched alcohols. The areas of these peaks decreased after prolonged incubation (Fig. 6C) . Also, no intermediate compounds with an aromatic residue could be detected. There appeared to be no accumulation of end products during the degradation of NP.
Degradation of linear NP by resting cell suspensions
The search for metabolic intermediates of branched NP might be hampered by the fact that our branched NP preparation is a mixture of several different isomers. Some of the isomer peaks on the gas chromatograph might coincide with peaks of metabolic intermediates. Therefore, we used pure, linear NP as the target substrate and examined the degradation by the resting cell suspensions (OD 550 =1.5) of strain YT. The gas chromatogram of the linear NP showed one major peak (peak a) eluting with a retention time of 29 min (Fig. 7A) . In the mass spectrum (Fig. 8A) , the molecular ion was found at m/z 220, corresponding to linear NP. The resting cell suspensions were able to degrade this linear NP dur- ing the period of 70-h incubation, but the gas chromatogram showed no alcohol peaks eluting with retention times of 7 to 8 min (Fig. 7B) . Instead, four new peaks appeared at retention times of 30 to 32 min on the gas chromatogram (Fig.  7B) . The mass spectra of these peaks showed several significant differences with the mass spectrum of the original compound. The mass spectrum of a component (peak b) eluting with 32 min gave a molecular ion at m/z 236 and a major fragment ion at m/z 123 both of which were m/z 16 units higher than the corresponding ions of linear NP (Fig.  8B) , suggesting the hydroxylation of linear NP. For the 3 components eluting with retention times of 30 to 31 min, satisfactory interpretations of their mass spectra were not available.
Discussion
Sphingomonas sp. strain YT is able to degrade branched NP, when grown on both diluted NB and yeast extract-supplemented MS medium. The degradation seems to be growth-dependent, since it occurs primarily during the exponential growth phase: in the culture with 48 ppm NP, the concentration decreased to 18 ppm during exponential growth but no further decrease was found in the stationary phase (Fig. 4) . Furthermore, the degree of degradation was directly proportional to the amount of yeast extract in the medium (Fig. 5B ) and no significant growth occurred with NP as a sole source of carbon and energy. This last property is very different from that of NP-degrading Sphingomonas sp. TTNP3 isolated by Tanghe et al. 30) and Sphingomonas cloacae JCM 10874 isolated by Fujii et al. 6) which show significant growth on NP as a sole carbon and energy source. In addition, strain YT seems to be more sensitive to NP than strain TTNP3 and S. cloacae JCM 10874. The batch cultures of strain TTNP3 30) and S. cloacae JCM 10874 6) were grown with 600 to 1,000 ppm of NP. In the case of strain YT, the suppressive effect of NP, affecting the lag-phase and the mmax, was found at 100 ppm of NP (Fig.  5A) . Such a negative effect of NP was reported in several yeasts and bacteria 3, 21, 22) .
The sequence similarity of the 16S rDNA of strain YT with that of Sphingobium yanoikuyae (formerly Sphingomonas yanoikuyae) was 98.0%, implying that strain YT might be assigned to the genus Sphingobium rather than Sphingomonas sensu stricto based on 16S rDNA similarity among species in Sphingomonas and related genera 29) . Therefore, further phenotypic and chemotaxonomic characterization of YT is now in progress in our laboratory to examine whether this strain shows the salient characteristics of Sphingobium: for example, a nitrate reduction-negative response and the presence of spermidine 29) .
Resting cells of strain YT suspended in MS medium without yeast extract rapidly degraded branched NP (Fig. 5 ) and linear NP (Fig. 6) . Remarkably, resting cells grown without branched NP also degraded the NP, suggesting that the system of degradation is constitutive in strain YT. In regard to this, one report indicated that several enzymes for the degradation of amine-derived surfactants were constitutive in a bacterial isolate 33) .
The use of GC-MS enabled us to follow changes in the amounts of several NP isomers during degradation. In contrast to strain TTNP3, for which no difference in the rate of degradation among para-isomers was reported 30) , strain YT showed a clear preference for some isomers over others. Such a preference was also reported by Hawrelak et al. 8) for degradation of NP in recycled paper sludge. Attempts were made to obtain structural information about the most abundant isomers in our NP mixture, by computer-aided mass spectral analysis and two dimensional nuclear magnetic resonance (2D NMR) studies, but were unsuccessful.
During the breakdown of branched NP, either no metabolites at all 13) or only metabolites without an aromatic residue 30) have been reported. Being consistent with the latter, the degradation of NP by strain YT did not yield any metabolites containing aromatic residues either but only branched alcohols. This suggests that the first steps in the degradation of NP by strain YT involve a fission of the phenol ring, analogous to the NP breakdown by strain TTNP3 30) . This notion was confirmed by the detection of a hydroxylated linear NP in our resting cell experiments (Figs. 6 and 7) . However, in the case of a strain of Candida maltosa, Corti et al. reported that the initial attack on the alkyl chain of linear NP occurred with the production of 4-acetylphenol prior to a cleavage of the aromatic ring 3) . No compound such as acetylphenol could be detected in our resting cell experiments with linear NP.
Since S. yanoikuyae possesses a xylene monooxygenase 27) and Sphingomonas chlorophenolica (Sphingobium chlorophenolicum) a pentachlorophenol-4-monooxygenase 26) , strain YT is expected to attack NP by an initial oxidative cleavage of the phenol ring, which would be catalyzed by a monooxygenase. The search for such a monooxygenase is now in progress in our laboratory using molecular techniques. During the degradation of branched NP, rate-limiting reactions might occur at the branching points of the alkyl chain, which results in the occasional release of branched alcohols. On the other hand, no such bottlenecks could be expected to occur in the breakdown of linear NP and this seems to be consistent with the absence of alcoholintermediates during the degradation. The branched alcohol intermediates could be further degraded by strain YT, resulting in a complete degradation of branched NP after prolonged incubation. This probable mechanism remains to be studied further by GC-MS of model NP compounds with known chemical structures.
